exchange isoform-1 (NHE-1) inhibitors before ischemia has been shown to attenuate myocardial infarction in several animal models of ischemia-reperfusion injury. However, controversy still exists as to the efficacy of NHE-1 inhibitors in protection of myocardial infarction when administered at the onset of reperfusion. Furthermore, the efficacy of NHE-1 inhibition in protection of skeletal muscle from infarction (necrosis) has not been studied. This information has potential clinical applications in prevention or salvage of skeletal muscle from ischemia-reperfusion injury in elective and trauma reconstructive surgery. The objective of this research project is to test our hypothesis that the NHE-1 inhibitor cariporide is effective in protection of skeletal muscle from infarction when administered at the onset of sustained ischemia or reperfusion and to study the mechanism of action of cariporide. In our studies, we observed that intravenous administration of cariporide 10 min before ischemia (1 or 3 mg/kg) or reperfusion (3 mg/kg) significantly reduced infarction in pig latissimus dorsi muscle flaps compared with the control, when these muscle flaps were subjected to 4 h of ischemia and 48 h of reperfusion (P Ͻ 0.05; n ϭ 5 pigs/group). Both preischemic and postischemic cariporide treatment (3 mg/kg) induced a significant decrease in muscle myeloperoxidase activity and mitochondrial-free Ca 2ϩ content and a significant increase in muscle ATP content within 2 h of reperfusion (P Ͻ 0.05; n ϭ 4 pigs/group). Preischemic and postischemic cariporide treatment (3 mg/kg) also significantly inhibited muscle NHE-1 protein expression within 2 h of reperfusion after 4 h of ischemia, compared with the control (P Ͻ 0.05; n ϭ 3 pigs/group). These observations support our hypothesis that cariporide attenuates skeletal muscle infarction when administered at the onset of ischemia or reperfusion, and the mechanism involves attenuation of neutrophil accumulation and mitochondrial-free Ca 2ϩ overload and preservation of ATP synthesis in the early stage of reperfusion.
ischemia-reperfusion injury; mitochondrial-free Ca 2ϩ overload; ATP synthesis SKELETAL MUSCLE IS SUBJECTED to sustained warm (room temperature) global ischemia in elective musculoskeletal and vascular reconstructive surgery performed under tourniquet or vascular clamp control, as well as in the amputated foot, hand, and limb and compartment syndrome in trauma surgery. Clinically, warm ischemic tolerance in human skeletal muscle is ϳ2.5 h (3, 13, 30) . Skeletal muscle ischemia-reperfusion (I/R) injury sometimes occurs as a result of prolonged ischemia due to unpredictable complications, such as thrombosis and/or vasospasm occurring perioperatively in selective reconstructive surgery or delayed surgical intervention in trauma surgery. Skeletal muscle I/R injury occurs, ranging from loss of function or muscle necrosis (infarction) in a single muscle to life-threatening acidosis, hyperkalemia, and myoglobinurea, if muscle infarction is massive (30, 59) . In the past, research on intervention strategies of I/R injury in skeletal muscle was focused on prevention of thrombosis and reperfusion injury induced by free radicals from neutrophils, but none of these has reached the stage of clinical investigation (27, 40, 46) . The role of neutrophils in the pathogenesis of I/R in other tissues, such as the myocardium, is also highly controversial (54, 58) . Specifically, clinical studies with scavengers and drugs designed to suppress free radicals for protection of myocardial I/R injury were not effective (15, 56) . Furthermore, monoclonal antibody to ICAM-1 and anti-CD18 antibodies were effective in protection of myocardium against I/R injury in laboratory animals (42, 65) , but clinical trials with these agents yielded negative results (14, 48) . More recently, Ca 2ϩ overload has been proposed to cause cell death in the reperfusion heart (39) . A recent review indicates that preischemic administration of a L-type Ca 2ϩ channel antagonist or MgSO 4 (an endogenous Ca 2ϩ antagonist) reduces myocardial infarction in laboratory animals, but results from clinical trials thus far fail to support the infarct protective effect of these drugs (10) . Na ϩ /H ϩ exchange isoform-1 (NHE-1) seems to play a central role in the pathogenesis of I/R injury (21, 23, 50) . Specifically, the NHE-1 is an ion exchange protein associated with the maintenance of intracellular pH. The NHE-1 acts as an antiporter to extrude intracellular H ϩ in exchange for extracellular Na ϩ , thus contributing to the maintenance of intracellular pH and Na ϩ content (26) . However, it is unclear if NHE-1 is required for the maintenance of intracellular pH in normal conditions. In ischemia, mitochondrial ATP synthesis ceases, and glycolysis takes place, resulting in an accumulation of lactate and intracellular H ϩ (9). This buildup of intracellular H ϩ stimulates increased activity of the NHE-1 antiporter, resulting in extrusion of H ϩ and accumulation of intracellular Na ϩ . There is a further increase in Na ϩ accumulation because Na ϩ extrusion is limited by inactivation of energy-dependent Na (16, 31) . Increases in intracellular Na ϩ correlate with increases in intracellular Ca 2ϩ by activation of the Na ϩ /Ca 2ϩ exchanger causing Ca 2ϩ influx (11, 16, 51, 52, 63) . However, within 10 -20 min of ischemia, the NHE-1 is inhibited (62) because the extracellular acidosis is more pronounced than the intracellular acidosis (57) . At reperfusion, the rapid washout of the extracellular H ϩ reactivates the NHE-1, resulting in further accumulation of intracellular Na ϩ , causing cytosolic Ca 2ϩ overload through the Na ϩ /Ca 2ϩ activity (12, 51) . Cytosolic Ca 2ϩ overload is believed to cause mitochondrial Ca 2ϩ overload, which impairs ATP synthesis (37, 55) . Based on the above sequence of events, it can be speculated that the NHE-1 plays a pivotal role in the pathogenesis of I/R injury. Indeed, there are publications that demonstrate that pharmacological inhibition of the NHE-1 shortly before sustained ischemia is effective in protection of myocardium from I/R injury in laboratory animals (23) . However, there is controversy regarding the time of drug delivery for effective cardioprotection. Specifically, there are studies that demonstrate effective cardioprotection in the pig (44) , dog (19, 20) , rabbit (32, 60, 61) , and guinea pig (2), when NHE-1 inhibitors were given intravenously, either shortly before sustained ischemia or at the onset of reperfusion. On the other hand, there are studies in the pig (17, 28, 29) and rabbit (5, 36) that demonstrated cardioprotection only when NHE-1 inhibitors were administered intravenously shortly before sustained ischemia, but not at the onset of reperfusion. There are also findings from clinical studies to indicate that administration of NHE-1 inhibitor before sustained ischemia attenuates myocardial I/R injury (4, 35, 53) , but it remains unclear if postischemic administration of NHE-1 inhibitor is effective in the salvage of ischemic myocardium from reperfusion injury in humans (47, 64) . The NHE-1 is known to be present in rat and human skeletal muscle (24, 25) , and this controversy is important in the development of pharmacological therapy for salvage of ischemic skeletal muscle from reperfusion injury. Specifically, in trauma surgery, such as replantation of amputated hand, foot, and limb, decompression of compartment syndrome, or thrombolysis, there is no opportunity for preischemic infarct protective treatment as in elective surgery, because the sustained ischemia in traumatic injury occurs before the patient arrives at the hospital for surgical intervention. Therefore, we plan to investigate the efficacy and mechanism of NHE-1 inhibition in protection of skeletal muscle from I/R injury. Specifically, the objective of this research project was to use the clinically relevant in vivo pig latissimus dorsi (LD) muscle flap model to test the hypothesis that the selective NHE-1 inhibitor cariporide is effective in attenuation of skeletal muscle necrosis (infarction) when administered intravenously immediately before sustained ischemia or at the onset of reperfusion. The mechanism involves attenuation of neutrophil accumulation, mitochondrialfree Ca 2ϩ overload, and preservation of ATP synthesis in the early phase of reperfusion when the NHE-1 protein expression is significantly inhibited compared with the control. The information to be obtained from this research project will provide important insights into the application of NHE-1 inhibitors for protection of skeletal muscle from I/R injury in elective and trauma surgery.
MATERIALS AND METHODS

Animal Management
Young, castrated Yorkshire pigs (18.6 Ϯ 1.0 kg; mean Ϯ SD) were housed in a temperature-controlled (22°C) and light-controlled (0700 -1900) pig holding room. All pigs were offered the same commercial diet and tap water ad libitum. Food was withheld the evening before surgery. The following experimental surgery and protocols were approved by the Animal Care Committee of the Hospital for Sick Children Research Institute, Toronto, Ontario, Canada. Similar pig management and surgical procedure were used previously (1, 34, 38, 41) .
Experimental Surgery
Anesthesia. All surgical procedures were performed under general anesthesia induced by intramuscular ketamine (25 mg/kg) and intravenous pentobarbitone sodium (10 -15 mg/kg). After endotracheal intubation, the pig was mechanically ventilated with oxygen and nitrous oxide (1:1 volume) to a tidal volume of 15 ml/kg. Body fluid and general anesthesia were maintained by intravenous infusion of saline (2 ml/min) containing pentobarbitone sodium (0.5 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ). Rectal temperature was monitored and kept within the normal range of 38 -39°C by warming the pig with a heating blanket.
LD muscle flap model. The LD muscle flap is used clinically for autogenous muscle transplantation in reconstructive surgery. The anatomy of the pig LD muscle flap is similar to that of the human. In the pig, as in the human, the LD muscle is not vital for locomotion, thus allowing the long-term (48 h) study of reperfusion injury (1, 34, 38, 41) . In the following studies, bilateral 8 ϫ 13-cm LD muscle flaps were constructed based on the thoracodorsal neurovascular bundle. The thoracodorsal nerve was divided to mimic the clinical situation of replantation and autogenous muscle transplantation in human reconstructive surgery. A 1-cm-wide tendon was left to support the vascular pedicle of the LD muscle flap, and the tendon was ligated with 1-0 silk ties to ensure that blood supply to the LD muscle flaps was solely from the thoracodorsal artery and drained by two thoracodorsal veins. The LD muscle flap was sutured to its original site with 3-0 vicryl sutures, while 3-0 nylon sutures were used to close the skin overlying the muscle flap. A small opening was left in the axilla for access to the vascular pedicle for application of vascular clamp to induce global ischemia.
Induction of I/R injury in LD muscle flaps. Global ischemia was induced in LD muscle flaps by clamping the vascular pedicle of each flap with two 2 ϫ 8 mm microvascular clamps (Weck). Complete occlusion of the vascular pedicle was verified by intravenous injection of fluorescein dye (15 mg/kg) in an ear vein catheter. The absence of yellow fluorescence in the muscle flap observed under ultraviolet light at 10 -15 min after dye injection indicated complete occlusion of the vascular pedicle. The pig was then positioned prone on the operating table for the entire period of muscle ischemia. All flaps were subjected to 4 h of sustained global ischemia at operating room temperature (24°C). At the end of ischemia, vascular clamps were removed, at which time reperfusion was confirmed by a second injection of fluorescein dye and the immediate appearance of yellow fluorescence in the muscle flap. Skin wounds were sutured with 3-0 nylon. The pig was allowed to recover from anesthesia and was returned to the animal holding room.
After 48-h reperfusion, the pig was anesthetized again. Muscle flaps were excised and sectioned transversely into thirteen 1 ϫ 8-cm segments for assessment of muscle infarction, using the nitroblue tetrazolium staining method, as described previously (41) . Following muscle harvest, pigs were killed with an overdose of intravenous pentobarbitone sodium (100 mg/kg).
It was previously observed that muscle infarction did not occur if the flap was not rendered ischemic (41) , so a nonischemic control group was not included. It was also previously observed that 8 ϫ 13-cm LD muscle flaps subjected to 4 h of warm ischemia and 48-h reperfusion experienced 38 -45% infarction (1, 34, 38, 41). Therefore, the same I/R time was utilized.
Assessment of Infarct Size
A solution containing 200 mg nitroblue tetrazolium (Sigma) and 400 ml of 0.2% Tris buffer at pH 7.4 and temperature 22°C was used to stain the sectioned LD muscle flaps. The muscle flap sections were immersed in the solution for 30 min at 22°C. Areas of viable muscle stained dark blue (formazan pigment), while nonviable muscle remained pink. The muscle sections were removed from the solution, placed on paper, and digitally photographed. The areas of viable and nonviable muscle were determined by computer planimetry (Adobe Photoshop CS, Adobe Systems), as reported previously (34) .
Chemical Analysis of Muscle Biopsies
Muscle biopsies (1 ϫ 1 cm) were collected at various time points, as described in the following experimental protocols, for assay of muscle myeloperoxidase (MPO) activity, muscle-free mitochondrial Ca 2ϩ content and muscle ATP content, and Western blot analysis of NHE-1 protein expression.
Assay of muscle MPO activity. About 200 mg of frozen muscle samples were weighed and homogenized in 2 ml of solution A (100 mM NaCl, 20 mM NaH2PO4, 15 mM EDTA, pH 4.7) for 30 s at 4°C. The homogenate was centrifuged at 12,000 g and 4°C for 20 min. After discarding the supernatant, the pellet was rehomogenized in 2 ml of solution B (50 mM KH2PO4, 0.5% hexadecyltrimethylammonium bromide, pH 5.4) for 1 min at 4°C. The homogenate was sonicated for 10 s on an ice bath, followed by three freeze-thaw cycles. After centrifugation at 12,000 g and 4°C for 20 min, the supernatant was collected for the MPO assay. The enzyme activity was evaluated by measuring the H2O2-dependent oxidation of 3,3Ј,5,5Ј-tetramethylbenzidine. A Spectrophotometer (Beckman DU50) was used to measure the generation of oxidized 3,3Ј,5,5Ј-tetramethylbenzidine at 655 nm. One unit of enzyme activity was defined as the amount of MPO activity that produced an absorbance change of 1.0 optical density units per minute per gram muscle wet weight at 37°C (1, 34, 38, 41) .
Assay for muscle mitochondrial-free Ca 2ϩ content. Our laboratory previously assayed mitochondrial-free Ca 2ϩ content ([Ca 2ϩ ]m) in pig skeletal muscle (34), using the method described by Rouseau et al. (45) . Mitochondria were isolated from fresh muscle samples by differential centrifugation. About 1.5 g of tissue were homogenized in buffer A (300 mM sucrose, 10 mM K ϩ -HEPES, 1 mM K ϩ -EGTA, pH 7.34 -7.40) for 40 s at 4°C. Nagars (0.2 mg/ml homogenate) was added to the homogenate, which was then incubated on ice for 10 min. The homogenate was centrifuged for 6 min at 750 g and 4°C. The supernatant was saved, and 1 mg/ml BSA was added. The supernatant was then recentrifuged for 6 min at 750 g and 4°C, and the pellet was discarded. The resulting supernatant was then centrifuged at 9,000 g for 10 min at 4°C. The mitochondrial pellet was then resuspended in ice-cold buffer A containing 1 mg/ml BSA and recentrifuged twice at 9,000 g at 4°C for 10 min. The final pellet was suspended in 200 l of respiration medium containing 250 mM sucrose, 2 mM KH 2PO4, 10 mM MgCl 2, 20 mM K ϩ -HEPES buffer, and 0.5 mM EGTA, pH 7.4, at 4°C.
Mitochondria (1 mg mitochondrial protein) were suspended in 2-ml loading buffer containing 140 mM NaCl, 5 mM KCl, 5.6 mM glucose, and 5 mM K ϩ -HEPES, pH 7.4. It was then loaded with 1 M fura 2-AM and 0.006% Pluronic F-127 and incubated in the dark for 15 min at 30°C in a shaking water bath. Fluorescence was recorded at 340 and 380 nm (excitation) and 510 nm (emission) using a fluorometer (Spectra MAX Gemini EM). Protein was measured by the Bradford method, and the results expressed as nanomoles Ca 2ϩ per milligram mitochondrial protein.
Assay of muscle ATP content. Frozen muscle samples (200 -250 mg) were weighed and homogenized with a Polytron homogenizer in 2 ml of ice-cold 2.5% trichloroacetic acid for 30 s. After 10 min of centrifugation at 1,000 g and 4°C, the supernatant was neutralized with 1 M Tris base (120 l/ml supernatant). The supernatant after spinning at 1,000 g and 4°C for 5 min was used for assay of ATP content (FL-AA triphosphate bioluminescence assay kit, Sigma, Oakville, Ontario, Canada). The pellet was homogenized in 1 ml of 0.5 M NaOH, and the protein content was determined by the Bradford method (Bio-Rad). The muscle ATP content is expressed as micromoles per gram of protein, as previously reported by our laboratory (1, 34, 38) .
Protein extraction and Western blot analysis for the study of NHE-1 protein expression. The methods were similar to those previously reported for cardiac muscle of laboratory animals (8, 49) . Frozen muscle biopsies (ϳ200 mg) were cut into small pieces and homogenized for 30 s in 2 ml of ice cold lysis buffer containing 50 mM Tris ⅐ HCl (pH 7.4), 50 mM EDTA, 150 mM NaCl, 0.1% Triton 100, 1 mg/ml pepstatin, 200 mM phenylmethyl sulfonyl fluoride, and 1 mg/ml leupeptin. The homogenates were mixed with loading buffer (50 mM Tris ⅐ HCl, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and solubilized at 95°C for 10 min and then centrifuged at 14,000 rpm for 10 min. All preparations were carried out at 4°C. Protein concentration was determined by the RC-DC protein assay (Bio-Rad). For Western blotting, samples containing 100 g of protein were separated by 8% SDS-polyacrylamide gel electrophoresis, and the separated proteins were electrophoretically transferred at 4°C to polyvinylidene fluoride membrane (immobolin-P, Millipore, MA) at a constant voltage (35 V) overnight. After blocking with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h at room temperature, the membrane was incubated overnight with rabbit NHE-1 polyclonal antibody (Chemicon) at a 1:500 dilution at 4°C. After rinsing in TBST, the membrane was incubated for 1 h at room temperature, in a 1:3,000 dilution of horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (Bio-Rad). After six washes with TBST, the blots were developed by the enhanced chemiluminescense system (Hy Glo, Denville Scientific) on high-performance chemiluminescence film (Amersham, Quebec). The band densities were quantified using scanning laser desitometry (Fluorochem Software, Alpha Innotech, San Leandro, CA). The Western blots were probed with an anti-␤-actin antibody for standardization of protein loading.
Biochemicals
All chemicals and assay kits were purchased from Sigma (Oakville, Ontario, Canada). Cariporide (HOE 642, MW 379.46) was donated by Aventis Pharma, Germany. Cariporide solutions were prepared in normal saline within 30 min of injection.
Experimental Protocols
Study 1: To investigate the efficacy of the selective NHE-1 inhibitor cariporide in the protection of skeletal muscle from I/R injury when administered before or after sustained ischemia. Pigs with bilateral 8 ϫ 13-cm LD muscle flaps were assigned to one control and three treatment groups. There were five pigs (10 muscle flaps) in the control and in each treatment group. All 10 LD muscle flaps in each group were subjected to 4 h of ischemia and 48 h of reperfusion. Pigs in the control group received intravenous injection of saline (10 ml) at 10 min before 4 h of ischemia and at 10 min before reperfusion. Pigs in the three treatment groups received one of the following drug injections: 1) intravenous injection of 10 ml of normal saline containing a low dose of cariporide (1 mg/kg) at 10 min before 4 h of ischemia; 2) intravenous injection of 10 ml of normal saline containing a high dose of cariporide (3 mg/kg) at 10 min before ischemia; and 3) intravenous injection of 10 ml of normal saline containing a high dose of cariporide (3 mg/kg) at 10 min before reperfusion in an ear vein catheter. After 48 h of reperfusion, all pigs were killed with an overdose of intravenous pentobarbitone sodium (100 mg/kg) for assessment of infarct size in LD muscle flaps. We chose these doses of cariporide in our study because it was reported that intravenous injection of cariporide at the dose of 1 mg/kg at 15 min after onset of 60 min of ischemia in the pig myocardium significantly reduced myocardial infarct size compared with the control after 24 h of reperfusion (28) . In addition, results from other investigators also indicate that a much higher dose of NHE-1 inhibitor is needed for salvage of ischemic cardiac muscle from reperfusion injury if the NHE-1 inhibitor is given at the onset of reperfusion (29, 44) .
Study 2: To investigate the mechanism associated with preischemic and postischemic administration of the selective NHE-1 inhibitor cariporide in the protection of skeletal muscle from I/R injury. Pigs with bilateral 8 ϫ 13-cm LD muscle flaps were assigned to one control and two treatment groups. There were four pigs (eight muscle flaps) in each group. All LD muscle flaps were subjected to 4 h of ischemia and 2 h of reperfusion. Pigs in the control group received intravenous injection of normal saline (10 ml) at 10 min before 4 h of ischemia. Pigs in the two treatment groups received intravenous injection of cariporide (3 mg/kg) in 10 ml of normal saline at 10 min before onset of 4 h of ischemia or before onset of 2 h of reperfusion. Muscle biopsies were taken from the control and treatment LD muscle flaps immediately before and at 2 h and 4 h of ischemia and 2 h of reperfusion. Muscle biopsies (1 ϫ 1 cm) were taken sequentially from the thick dorsal edge of the muscle flaps, starting at 7 cm from the vascular pedicle of the LD muscle flap and continuing proximally, as described previously (41) . Each biopsy was immediately rinsed with cold (4°C) normal saline. Fresh biopsies were used for assay of free [Ca 2ϩ ]m. Biopsies for assay of MPO activity and ATP content were immediately frozen in liquid nitrogen and stored at Ϫ80°C. There were eight biopsies for each time point in each group (eight LD muscle flaps/group).
Study 3: To investigate the effect of preischemic and postischemic intravenous administration of the selective NHE-1 inhibitor cariporide on NHE-1 protein expression.
The experimental design was similar to that of study 2, except that there were three pigs in the control and in each of the two treatment groups, and all muscle biopsies were immediately frozen in liquid nitrogen and stored at Ϫ80°C for Western blot analysis of NHE-1 protein expression.
Statistics
In Fig. 1 , one-way analysis of variance and Newman-Keuls test were used for multiple comparison of means. In Figs. 2-4 , treatment effect was detected by two-way analysis of variance with repeated measures. Within each time point, one-way analysis of variance and Newman-Keuls test were used for multiple comparison of means. All values are expressed as means Ϯ SE, and statistical significance was set at P Ͻ 0.05; n ϭ number of pigs per group.
RESULTS
Efficacy of the NHE-1 Inhibitor Cariporide in the Protection of LD Muscle Flaps From Infarction When Administered Intravenously 10 min Before Ischemia or Reperfusion
There was 43.7 Ϯ 2.2% infarction in control LD muscle flaps subjected to 4 h of ischemia and 48-h reperfusion (n ϭ 5 pigs) (Fig. 1) . Intravenous injection of a low dose (1 mg/kg) or a high dose (3 mg/kg) of cariporide 10 min before ischemia significantly (P Ͻ 0.05) reduced the muscle infarction to 18.3 Ϯ 1.6 and 18.0 Ϯ 2.4%, respectively (n ϭ 5 pigs). Intravenous injection of cariporide (3 mg/kg) 10 min before reperfusion also significantly (P Ͻ 0.05; n ϭ 5 pigs) reduced the muscle infarction to 24.7 Ϯ 3.0%.
Effect of Intravenous Injection of the NHE-1 Inhibitor Cariporide 10 min Before Ischemia or Reperfusion on MPO Activity, Free [Ca 2ϩ ] m , and ATP Content in Bilateral LD Muscle Flaps Subjected to 4 h of Ischemia and 2 h of Reperfusion
MPO activity. There was no significant difference in neutrophilic MPO activity in LD muscle flaps within and between control and treatment groups immediately before ischemia and at the end of 2 and 4 h of ischemia (Fig. 2) . The muscle MPO activity in the control and treatment groups increased significantly at 2 h of reperfusion compared with the preischemic muscle MPO activity (Fig. 2) . However, at 2 h of reperfusion, the muscle MPO activity was significantly (P Ͻ 0.05) higher in the control (2.1 Ϯ 0.2 U/g wet muscle; n ϭ 4 pigs) than in the treatment groups receiving intravenous cariporide injection 10 min before sustained ischemia (0.8 Ϯ 0.2 U/g wet muscle; n ϭ 4 pigs) or 10 min before onset of reperfusion (0.6 Ϯ 0.2 U/g wet muscle; n ϭ 4 pigs).
Muscle-free [Ca 2ϩ ] m . The muscle-free [Ca 2ϩ ] m in pig LD muscle flaps was similar among control and treatment groups of LD muscle flaps immediately before ischemia and at the end of 2 and 4 h of ischemia (Fig. 3) . However, the muscle-free [Ca 2ϩ ] m in the ischemic control LD muscle flaps increased significantly (P Ͻ 0.05) at 2 h of reperfusion compared with the control LD muscle flaps before ischemia and at the end of 2 and 4 h of ischemia. Intravenous administration of the NHE-1 inhibitor cariporide (3 mg/kg) at 10 min before onset of ischemia or reperfusion attenuated the increase in muscle-free [Ca 2ϩ ] m in LD muscle flaps at 2 h of reperfusion (Fig. 3) . Specifically, the muscle-free [Ca 2ϩ ] m at 2 h of reperfusion was 534 Ϯ 41 nmol/mg mitochondrial protein for the control and 369 Ϯ 38 and 283 Ϯ 52 nmol/mg mitochondrial protein for the treatment groups receiving intravenous cariporide at 10 min before ischemia or reperfusion, respectively.
Muscle ATP content. There was no significant difference in muscle ATP content among the control and treatment groups immediately before ischemia and at 2 and 4 h of ischemia (Fig. 4) . However, at 2 h of reperfusion, the muscle ATP contents were significantly (P Ͻ 0.05) higher in the treatment groups receiving intravenous cariporide injection at 10 min before sustained ischemia (22.5 Ϯ 2.6 mol/g protein) or 10 min before reperfusion (21.6 Ϯ 1.5 mol/g protein) compared with the time-matched ischemic control (9.0 Ϯ 3.0 mol/g protein).
Effect of Intravenous Injection of the NHE-1 Inhibitor Cariporide 10 min Before Ischemia or Reperfusion on NHE-1 Exchanger Protein Expression in Bilateral LD Muscle Flaps Subjected to 4 h of Ischemia and 2 h of Reperfusion
There was no significant difference in NHE-1 exchanger protein expression among the control and treatment groups immediately before ischemia and at 2 and 4 h of ischemia (Fig. 5) . However, at 2 h of reperfusion, the protein expressions of NHE-1 exchanger were significantly (P Ͻ 0.05; n ϭ 3 pigs/ group) lower in the treatment groups receiving intravenous cariporide injection at 10 min before 4 h of ischemia or 10 min before reperfusion, compared with the time-matched ischemic control (Fig. 5) .
DISCUSSION
Important Findings From Present Studies
Using the clinically relevant pig LD muscle flap model, we investigated for the first time the efficacy and mechanism of preischemic and postischemic administration of NHE-1 inhibior in protection of skeletal muscle from infarction. We observed that intravenous injection of the selective NHE-1 inhibitor cariporide at the onset of sustained ischemia (1 or 3 mg/kg) or reperfusion (3 mg/kg) protected pig LD muscle flaps from infarction compared with the control, when these LD muscle flaps were subjected to 4 h of ischemia and 48 h of reperfusion. Both preischemic and postischemic cariporide treatment induced a significant decrease in muscle MPO activity and free [Ca 2ϩ ] m and a significant increase in ATP synthesis at the end of 2 h of reperfusion compared with the time-matched control. The preischemic and postischemic cariporide treatment also attenuated NHE-1 protein expression within 2 h of reperfusion after 4 h of ischemia, compared with the time-matched control. These findings provide important insights into the application of pharmacological therapy for prevention or salvage of skeletal muscle from infarction in reconstructive surgery.
Efficacy of Intravenous Injection of the NHE-1 Inhibitor Cariporide at the Onset of Ischemia or Reperfusion for the Protection of Skeletal Muscle from Infarction
There is general consensus that intravenous administration of the NHE-1 inhibitor at the onset of sustained ischemia is effective in protection of myocardium from infarction in laboratory animals. Contrary to preischemic treatment, the effect of postischemic treatment with the NHE-1 inhibitor for protection of myocardial infarction is controversial. Specifically, there are studies demonstrating effective myocardial infarct protection in the pig (44) , dog (19, 20) , and rabbit (32, 60, 61) when the NHE-1 inhibitor was given intravenously at the onset of reperfusion. On the other hand, there are studies showing failure of NHE-1 inhibitors to attenuate myocardial infarction in the pig (17, 28, 29) and rabbit (5, 36) when given intravenously at the onset of reperfusion. The density of collateral circulation in the myocardium varies among laboratory animals, and the order from high to low is as follows: dog, cat, rat, ferret, rabbit, and pig (33) . Collateral blood flow may facilitate delivery of NHE-1 inhibitors during ischemia and early reperfusion. Indeed, preischemic or postischemic intravenous injection of the NHE-1 inhibitor EMD 85131 (3 mg/kg) or BIIB 513 (3 mg/kg) was effective in attenuation of myocardial infarction in dogs (19, 20) . However, collateral blood flow for drug delivery may not be the only key factor that facilitates postischemic NHE-1 treatment for attenuation of myocardial infarction, because several NHE-1 inhibitors were effective in attenuation of myocardial infarction in pigs (HOE 694, 7 mg/kg) and rabbits (SM-19738, 0.017 mg/kg bolus and 0.028 mg⅐kg Ϫ1 ⅐h Ϫ1 for 5 h) when administered intravenously at the onset of reperfusion (32, 44, 60, 61) . Pig and rabbit myocardium are known to have little or no collateral blood flow. Drug dose may be another important factor affecting the efficacy of postischemic NHE-1 inhibitor treatment in protection of myocardium from infarction. For example, Klein et al. (29) reported that intravenous injection of the NHE-1 inhibitor HOE 694 at a dose of 3 mg/kg at 10 min before ischemia significantly reduced myocardial infarction in the pig myocardium subjected to 45 min of ischemia and 24 h of reperfusion. However, the same dose of HOE 694 when injected intravenously at 10 min before the onset of reperfusion induced a slight but insignificant reduction in myocardial infarction in the pig (29) . By increasing the intravenous dose of HOE 694 to 7 mg/kg, Rohmann et al. (44) were able to demonstrate that administration of HOE 694 at 15 min before sustained ischemia or before reperfusion induced significant attenuation of myocardial infarction when the pig myocardium was subjected to 60 min of ischemia and 2 h of reperfusion. However, a longer reperfusion period (ϳ24 h) is required to ensure a maximum myocardial infarct protection is achieved.
In the present study, collateral circulation was not an important factor in drug delivery because we used the clinically relevant island LD muscle flap model, which underwent global ischemia, and the reperfusion was derived entirely from the thoracodorsal artery. In this model, it was well established that the LD muscle underwent 38 -45% infarction when subjected to 4 h of ischemia and 24 -48 h of reperfusion (1, 34, 38, 41) . Here, we observed in the pig that intravenous injection of the NHE-1 inhibitor cariporide (3 mg/kg) at 10 min before ischemia or reperfusion reduced the LD muscle infarction to 18.0 Ϯ 2.4 and 24.7 Ϯ 3%, respectively, compared with the ischemic control (43.7 Ϯ 2.2%; P Ͻ 0.05, n ϭ 5 pigs) when the pig LD muscle flaps were subjected to 4 h of ischemia and 48 h of reperfusion (Fig. 1) . These findings support our hypothesis that administration of the NHE-1 inhibitor cariporide at the onset of ischemia or reperfusion is effective in protection of skeletal muscle from infarction caused by I/R injury.
Mechanism Associated with Preischemic and Postischemic Intravenous Injection of the NHE-1 Inhibitor Cariporide for Attenuation of Infarction in Skeletal Muscle
Attenuation of neutrophil activation and accumulation. The role of neutrophils in reperfusion injury and in NHE-1 inhibitor treatment for attenuation of myocardial infarction is unclear. On one hand, it was reported that myocardial reperfusion injury and NHE-1 treatment for attenuation of reperfusion injury occurred in neutrophil-free systems, such as isolated, perfused rat hearts and cultured rat myocardiocytes (7, 22) . On the other hand, there is evidence to indicate that neutrophils may be an important factor in reperfusion injury and in attenuation of myocardial infarction by the NHE-1 inhibitor. Specifically, in an in vivo canine model of myocardial I/R injury, intravenous infusion of the selective NHE-1 inhibitor BIIB-513 before 60 min of ischemia and 3 h of reperfusion resulted in reduction of myocardial infarction associated with attenuation of neutrophil activation and accumulation (18) . In a rat inflammatory model, NHE exchange inhibition with intravenous injection of cariporide at 5 min before reperfusion was seen to reduce neutrophil rolling, adhesion, and extravasation and suppression of the cell adhesion molecule P-selectin (6) . Using the intravital microscopy technique, it was observed in the rat cremaster muscle that preischemic intravenous injection of the NHE-1 inhibitor cariporide reduced neutrophils from rolling, adhesion, and extravasation (43) . Here, we observed for the first time in skeletal muscle that preischemic or postischemic intravenous administration of the NHE-1 inhibitor cariporide reduced the neutrophil accumulation at early reperfusion (Fig.  2) . Neutrophil accumulation can be confirmed by immunohistochemical analysis in future studies. Future in vivo studies are also required to clarify if the reactive oxygen species produced by the accumulated neutrophils are causally related to reperfusion injury in ischemic skeletal muscle.
Prevention of free mitochondrial Ca 2ϩ overload and preservation of ATP synthesis at early reperfusion. Observations made from our studies indicate that the infarct protective effect of the NHE-1 inhibitor cariporide administered at the onset of ischemia or reperfusion involves attenuation of mitochondrialfree Ca 2ϩ overload and restoration of ATP synthesis during early reperfusion, but has no significant effect during sustained ischemia. Specifically, the muscle-free [Ca 2ϩ ] m and ATP con-tent were similar among the control and cariporide-treated groups immediately before ischemia and during sustained ischemia (Figs. 3 and 4) . In the control group, muscle-free [Ca 2ϩ ] m significantly increased at 2 h of reperfusion. However, at this time point, the muscle ATP content in the control group remained depleted to the same extent as at the end of 4 h of ischemia. Intravenous administration of the NHE-1 inhibitor cariporide at 10 min before sustained ischemia or reperfusion significantly attenuated free [Ca 2ϩ ] m (Fig. 3) and increased muscle ATP content at 2 h of reperfusion (Fig. 4) compared with the time-matched control. There is an explanation in the literature of ischemic myocardium to support our observations. Specifically, in sustained ischemia, mitochondrial ATP synthesis ceases and glycolysis ensues, resulting in a net breakdown of ATP and an accumulation of lactate and intracellular H ϩ (9 (11, 16, 51, 52, 63) . If these events continue, the cytosolic Ca 2ϩ will be overloaded, and significant uptake of Ca 2ϩ from the cytosol to the mitochondria will occur, resulting in [Ca 2ϩ ] m overload (55) , which can cause cell necrosis (37) . However, within 10 -20 min of ischemia, the NHE-1 is inhibited (48) because the extracellular acidosis is more pronounced than the intracellular acidosis (20) . The above information may explain our observation that the muscle-free [Ca 2ϩ ] m remained unchanged in the control and treatment groups during 4 h of sustained ischemia (Fig. 3) , but the muscle ATP contents were significantly reduced in both the control and treatment groups (Fig. 4) . At reperfusion, the rapid washout of extracellular H ϩ after restoration of blood supply may reactivate NHE-1 and further result in accumulation of intracellular Na ϩ and Ca 2ϩ ion influx through reversal of NHE-1, causing intracellular and mitochondrial Ca 2ϩ overload (11, 16, 51, 52, 63) , which impairs ATP synthesis at the early stage of reperfusion (37, 55) . Indeed, there are publications that demonstrate effective cardioprotection in the pig (44) , dog (19, 20) , and rabbit (5, 36) when NHE-1 inhibitor is administered intravenously at the onset of ischemia or reperfusion. The dose of cariporide used for preischemic and postischemic treatment in the present study significantly attenuated NHE-1 protein expression within 2 h of reperfusion after 4 h of ischemia (Fig. 5) . This indicates that an effective dose of cariporide was used in our studies. This information lends support to our observation that intravenous administration of the NHE-1 inhibitor cariporide at the onset of sustained ischemia or reperfusion attenuates mitochondrial Ca 2ϩ (Fig. 3 ) overload and preserves ATP synthesis (Fig. 4) at the early stage of reperfusion.
In summary, we have investigated for the first time the efficacy and mechanism of the selective NHE-1 inhibitor cariporide in the protection of pig skeletal muscle from I/R injury. Specifically, we observed that intravenous administration of the selective NHE-1 inhibitor cariporide (3 mg/kg) at 10 min before sustained ischemia or reperfusion significantly attenuated infarction in pig LD muscle flaps subjected to 4 h of ischemia and 48 h of reperfusion. The mechanism involved attenuation of muscle neutrophil accumulation, prevention of mitochondrial-free Ca 2ϩ overload, and preservation of ATP synthesis during the early stage of reperfusion of the ischemic LD muscle flaps. The dose of cariporide used for the present preischemic and postischemic treatments significantly inhibited NHE-1 protein expression within 2 h of reperfusion after 4 h of ischemia, thus indicating that an effective dose of cariporide was used in our studies.
Perspectives
In elective surgery, such as musculoskeletal and vascular reconstructive surgery, unpredictable complications (e.g., thrombosis, vasospasm) can occur intraoperatively, causing lethal ischemic insult to skeletal muscle. In trauma surgery, such as replantation of amputated hand, foot, and limb, thrombolysis, and decompression of compartment syndrome, prolonged ischemic insult in the skeletal muscle may occur before the patient arrives at the hospital for surgical intervention, and there is no chance for prophylactic treatment. The information obtained from this research project provides insights into the development of pharmacological therapy with NHE-1 inhibitors to be administered at the onset of sustained ischemia or reperfusion for prevention or salvage of ischemic skeletal muscle from reperfusion injury.
